Crude oil is a complex mixture of hydrocarbons (e.g. paraffins, aromatics, napthenes), sulphur compounds (e.g. sulphur, sulphides), amines, metals (e.g. Ni, Fe) and salts (e.g. NaCl, sand). Quantitative chemical analysis of such combinations is difficult and requires partial or complete separation of the components, challenging outside of the laboratory. Qualitative chemical analysis of oil is simpler using techniques such fluorescence spectroscopy. In this paper we will present fluorescence (spectra and lifetime) data for crude oil samples of varying (specific) API gravity and show how qualitative chemical information can be extracted from the spectra. This will include data obtained using synchronous scanning fluorescence spectrometry (SS) and time-resolved emission spectroscopy (TRES) and demonstrate the ability of utilising these methods to obtain better qualitative chemical information and hence the ability to "fingerprint" crude oil.
INTRODUCTION
The complex nature of crude oil, being a mixture of hydrocarbons, sulphur compounds, amines and metals, can result in complex and lengthy chemical analysis methods. The analysis of crude oil using fluorescence techniques has become popular in recent years due to the highly fluorescent nature of the constituent components of crude oil [1] [2] [3] [4] [5] . This has allowed the development of in-situ methods of oil detection in the environment using, for examples, LIDAR techniques. Fluorescence methodologies have been used to detect crude oil in the marine environment 6, 7 and in crude oil extraction and petroleum fraction determination The fluorescence techniques that have been reported in the literature for application to crude oil analysis are fluorescence emission spectroscopy, synchronous scanning fluorescence spectroscopy 8, 9 and time-resolved fluorescence spectroscopy 3, 4, 10 . Attempts at correlating the change in the fluorescence properties of the crude oil samples with an aspect of the crude oil, e.g. API value, aromatic, asphaltene and / or sulphur content have had varying degrees of success. The first report of using synchronous scanning for the identification of crude oil was in 1976 by P. John and I Soutar 8 where it was suggested that this methodology held promise for identification of oil spillages in the marine environment. Later work by A.G. Ryder has concentrated on time-resolved methods for crude oil identification 3, 4 . Fluorescence lifetime studies have predominately described the decay kinetics as a series of exponential functions with the average value for the fluorescence lifetime being used to determine some correlation with crude oil samples. This is really a simplification of the decay pathways that exist but, nevertheless, indicates differences in oils.
This work investigated both steady-state and time-resolved approaches to fluorescence in oils, with the aim of developing a method of fingerprinting crude oil samples. Differences in fluorescence and synchronous scan spectra obtained from the oils diluted in a range of solvents show some degree of discrimination. The application of second derivative synchronous scanning fluorescence spectroscopy using a range of wavelength differences demonstrates further discrimination. To date, measurement of diluted crude oil samples has concentrated on using hexane as the solvent. The fluorescence decay kinetics of the crude oil samples are analysed using a non-extensive distribution method, which has previously been successfully applied to the study of energy transfer in complex protein samples 11 . Time-resolved emission spectra (TRES) for the different crude oil samples show an enhanced variation between the spectral components of the different oil samples studied.
METHODOLOGY

Sample Preparation
Three crude oil samples were supplied by FMC Technologies, two were identified by their API value (35 and 21) and a third was stabilised crude oil, labelled STAB crude. The geographic origin of these crude oils is not known. For the diluted samples 0.5 g of the crude oil was dissolved in 10 ml of the chosen solvent, followed by a further dilution of 10 μl of the dissolved component in a further 10 ml of the solvent. In the case of methanol, where less of the crude oil dissolved, 50 μl was taken for the further dilution step to achieve a similar fluorescence intensity when compared to the other solvents. All solvents were used as received from the supplier, Fisher Scientific. All measurements were performed in 1 cm quartz cells on samples at STP. Undiluted crude oil samples were measured in a thin sample holder and the fluorescence measured using front face excitation at an angle of 45 o .
Instrumentation
Steady-state fluorescence spectra and synchronous scan spectra were obtained using a SPEX Fluoromax 2 fluorimeter. Slit bandwidths were 2nm for both excitation and emission monochromators. All signals recorded were a ratio of signal to reference to correct for any lamp variations. Spectra were corrected for any solvent Raman bands by subtraction of the signal obtained when measuring the solvent on its own.
Time-resolved measurements were performed on a HORIBA Jobin Yvon (IBH) Ltd 5000U spectrometer. The excitation source employed was a co-axial nanosecond flashlamp with the following conditions: electrode gap 0.95 mm, hydrogen (H 2 ) gas pressure 0.5 Bar, Voltage 7 kV and repetition rate 40 kHz. Unless otherwise stated the time calibration was set to 0.224 ns/channel. Fluorescence decays were collected until there were 10000 counts in the peak channel. For TRES, the excitation wavelength was 300 nm and data was collected every 5 nm over the wavelength range 330 nm -600 nm with a dwell time at each wavelength of 120 s.
Data Analysis
The second derivative synchronous scan spectra was calculated using the spectra manipulation program, Spekwin32. Analysis was performed on spectra which had been corrected for solvent Raman peaks and the data smoothed using the smoothing function in this programme.
Fluorescence decays were analysed using DAS6 software from HORIBA Jobin Yvon (IBH) Ltd. A multi-exponential model, Equation (1) , was used to fit the data:
where I(t) is the intensity at time, t, B i is the pre-exponential component and τ is the fluorescence lifetime. Data were analysed using either a 3 or 4 exponential model with the χ 2 value and the residual plot used to assess the goodness of fit. The contribution of each component to the overall decay was determined using Equation (2):
and the average lifetime calculated according to Equation (3):
In the case of the TRES measurements the data curves were fit globally to a 3 exponential model and the pre-exponential value, B i , plotted as a function of wavelength.
Given that crude oil is a complex mixture of fluorophores, the data were also analysed using a distribution model based on non-extensive statistics 12 . This model has been used to describe fluorescence decays by Wlodarczyk et al 11, 13 , Kierdaszuk 14 and Rolinski and Birch 15 . The distribution model is given by Equation (4):
where k = 1 to 5, τ i is the mean value of the lifetime distribution and q is a parameter of heterogeneity given by Equation (5):
which describes the fluctuation according to a γ function which is also indicative of the width of the distribution and the number of decay channels, N. In the case where q 1, then the decay is exponential.
RESULTS & DISCUSSION
Fluorescence spectra
The fluorescence spectra of crude oil have been widely reported in the literature 1, 2, 16 . As shown in Figure 1 , the fluorescence spectra of one of the crude oil samples dissolved in hexane are very dependent on excitation wavelength, and are broad and featureless in composition. The peak emission wavelength is dependent on the excitation wavelength, but the shape of the spectra at the longer wavelengths is the same. This is due to energy transfer process occurring within the complex mixture of fluorophores. Using this form of analysis, fluorescence spectra are only really useful for confirming that crude oil is present in a sample, with discrimination between crude oil samples difficult.
The fluorescent components within a crude oil dissolve by differing amounts in the various solvents investigated, i.e. the components extracted from the base oil are dependent upon the solvent. The variation in fluorescence spectra for the extracted compounds is demonstrated in the emission spectra for API21 crude oil dissolved in hexane, cyclohexane, methanol, dichloromethane (DCM), dimethylformaldehyde (DMF) and toluene for excitation at 300nm is shown in Figure 2 . The two non-polar solvents, hexane and cyclohexane give similar emission spectra as expected. The concentration of fluorescence species dissolved in methanol and DMF is much less than that for the other solvents as evidenced by the paler colour observed in the samples and the reduced fluorescence intensity obtained for these solutions: note as the data in Figure 2 has been normalised at the peak emission wavelength it does not show the reduced intensity, but indicates the differences in spectral shape and hence the different dissolved components in each solvent. 
Synchronous scan (SS) fluorescence spectra
Synchronous scan spectra give much more detailed spectra, as shown in Figure 3 , compared to Figures 1 and 2 . Differences between the spectra of the three oils become more apparent. Figure 3 (a) shows the spectra obtained when the difference in wavelength between the excitation and emission monochromator is 5 nm, where information on the fluorescent components which have been directly excited by the excitation light can be determined. Spectra collected with a greater difference between the excitation and emission wavelengths, e.g. Figure 3 (b) where Δλ is 25nm, will have a mixture of fluorescence from direct excitation of the fluorophore and energy transfer to another fluorescent species emitting at a longer wavelength. In order to highlight the differences between the SS spectra the second derivative of each spectrum was calculated, examples of the spectra obtained are given in Figure 4 . Again the spectral differences obtained for the same crude oil sample in different solvents is clear, particularly for the scan with Δλ = 25 nm (Figure 4(b) ). Table 1 gives the location of the first 3 positive peaks obtained for the spectra in Figure 4 (b) and the ratio of the subsequent peak heights to the first peak. It is clear from the data in Table 1 and Figure 4 (b) that dissolving the crude oil samples in toluene and methanol gives very different spectra when compared to the other solvents used. This is particularly evident in the position of the first peak, Toluene is shifted by +6 nm and Methanol by -2 nm relative to that obtained in hexane. The differences indicating variation in dissolved components in the solvents. In contrast the position of the second and third peaks is relatively unchanged with solvent. The ratio of the peak heights varies with all solvents, giving information on the concentration of the dissolved components emitting at these wavelengths. Comparing the crude oil samples in the same solvents, Figures 4(c) and 4(d) , the ratio of peak heights is clearly different for the API21 and API35 samples. STAB Intensity (a.u.)
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API35 STAB crude and API35 show similar spectral features and here solvent plays a more crucial role in differentiating between the samples, with the biggest difference in peak ratios between crude oil samples being noted for DCM and DMF. Variation in peak positions and peak height ratios for the three oils in DCM, using Δλ of 70 nm, can be seen in Figure 4 (d). The biggest difference between the spectra is between 305-315 nm where a positive peak is obtained for API35 and STAB crude oil samples and a negative peak for API21. 
Fluorescence Lifetime
The fluorescence lifetimes of samples were determined at an excitation wavelength of 300 nm and emission wavelengths 400 nm and 450 nm and the results of the analysis in terms of a sum of exponentials, Equation (1), are given in Table 2 . The values of the fluorescence lifetimes for oils diluted in hexane, labelled API21 API35 and STAB in Table 2 , are very Table 2 and subsequent Tables/Figures, the average lifetime is much greater and the emergence of a longer fluorescence emission is noted. Indeed, for the undiluted samples a fourth exponential term, of low intensity, was required to adequately fit the data in the majority of cases. When the fluorescence emission is monitored at longer wavelengths <τ> is greater, consistent with average fluorescence lifetime values reported by others 16 . Also the values obtained for undiluted samples are greater. The greater difference for the <τ> values for API35-N and STAB-N clearly shows that discrimination between these crude oils based on fluorescence lifetime is possible.
Given that crude oil samples are a complex mix of fluorescing species, it is appropriate to analyse the data using the distribution model, Equation (4). Figure 5 shows the fluorescence decay and the residual plots for API35 in hexane showing that both the multi-exponential model and distribution decay give good fits to the data. Table 3 gives the fitted parameters obtained using Equation (4) and Figure 6 shows the distribution fits obtained.
Clear differences between the distributions obtained in Figure 6 are evident for the different crude oil samples. In the majority of cases the contribution to the decay process, as given by the value for α, is greatest for the shortest lifetime component for both multi-exponential and non-extensive distribution analysis. This is to be expected as this component is likely to be due to the various quenching processes that are occurring within the crude oil samples. The low value for q in some cases indicates that the decay is almost monoexponential in nature, i.e. q = 1.01 and the distribution is narrower as observed in Figure 6 . Figure 6 . Probability distribution curves from analysis using Equation (4) 
Time-resolved fluorescence spectra
Time-resolved emission spectra (TRES) were obtained for each of the samples exciting at a wavelength of 300 nm. The emission spectra obtained for API35 in hexane is given in Figure 7 . The data were fit globally to a 3 exponential model with lifetimes that are given in Table 4 . In the case of the undiluted API21 (API21-N) sample it was necessary to fix the 5.71 ns component to obtain a reasonable fit to the data. The variation in amplitude of the 3 components retrieved for API35 in hexane is shown in Figure 7 . For comparison between the samples the relative amplitude of the τ 2 component in Table 4 for each sample is compared and shown in Figure 8 . The amplitude of each spectrum has been normalised to 1 at the peak value to allow for easier comparison between the spectra. For the diluted samples the maximum amplitude of the τ 2 component is found at ~360nm with a shoulder / second peak observed at 400nm. The ratio of the peak heights is 1.11, 0.82 and 0.74 for API21, API35 and STAB crude respectively. For undiluted samples there is a large shift in the peak maximum wavelength to ~425nm, with a much lower intensity peak observed at ~360nm. The average lifetime for the crude oils recovered from the global analysis is plotted in Figure 9 . The general shape of the curves for the diluted samples is the same with similar values being obtained for API35 and STAB crude. The average fluorescence lifetime for API21 is consistently higher at all emission wavelengths. The undiluted samples show a larger variation in the average fluorescence lifetime with emission wavelength. The shorter average lifetime values recovered at the lower emission wavelengths are consistent with a high percentage energy transfer occurring at the lower emission wavelengths. Interestingly there appears to be a significant increase in the average fluorescence lifetime at the longer emission wavelengths for API35-N and STAB-N which is not apparent in the API21-N oil. 
CONCLUSION
Crude oil fluorescence has been studied in dilute solutions in a range of solvents using second derivative synchronous scan fluorescence spectroscopy. Differences between the spectra recovered in different solvents indicate changes in the components dissolved in the different solvents and also the relative concentrations obtained. In most cases reported in the literature, dilution of crude oil is carried out in hexane. The results shown here indicate that comparison of spectra obtained using a variety of polar, non-polar, aromatic, and chlorinated solvents is useful for elucidating differences between crude oils through their fluorescence spectra, i.e. it may be possible to fingerprint crude oils.
Time-resolved studies of the crude oil samples have shown the application of a non-extensive distribution analysis to describe the decay kinetics. The fitted parameters obtained show clear differences between the crude oil samples studied and may be advantageous in highlighting the differences between source materials. Also the TRES highlight differences between the crude oils and the ratio of peaks for the τ 2 component maybe a useful method for identifying crude oil samples. Future work aims to expand the database to include more crude oils. 
